21 Middle East Respiratory Syndrome-related Coronavirus (MERS-CoV) spread to humans via the 22 Importance 43 Both SARS-CoV and MERS-CoV originated in bats and spread to humans via an intermediate host. 44
zoonotic transmission from camels. MERS-CoV belongs to the lineage C of Betacoronaviruses 23 (betaCoVs), which also includes viruses isolated from bats and hedgehogs. A large portion of the 24 betaCoV genome consists of two open reading frames (ORF1a and ORF1b) that are translated into 25 polyproteins. These are cleaved by viral proteases to generate 16 non-structural proteins (nsp1-16) 26 which compose the viral replication-transcription complex. We investigated the evolution of ORF1a 27 and ORF1b in lineage C betaCoVs. Results indicated widespread positive selection, acting mostly 28 on ORF1a. The proportion of positively selected sites in ORF1a was much higher than that 29 previously reported for the surface-exposed spike protein. Selected sites were unevenly distributed, 30 with nsp3 representing the preferential target. Several pairs of co-evolving sites were also detected, 31 possibly indicating epistatic interactions; most of these were located in nsp3. Adaptive evolution at 32 nsp3 is ongoing in MERS-CoV strains and two selected sites (G720 and R911) were detected in the 33 protease domain. Whereas position 720 is variable in camel-derived viruses, suggesting that the 34 selective event does not represent a specific adaptation to humans, the R911C substitution was only 35 observed in human-derived MERS-CoV isolates, including the viral strain responsible for the recent 36 South Korean outbreak. It will be extremely important to assess whether these changes affect host 37 range or other viral phenotypes. More generally, data herein indicate that CoV nsp3 represents a 38 major selection target and nsp3 sequencing should be envisaged in monitoring programs and field 39 surveys. 40 41 42 Introduction replication cycle. In fact, the papain-like protease (PLpro) activity of nsp3 is responsible for the 80 initial processing of pp1a. Also, nsp3 together with nsps4 and 6, recruits intracellular membranes to 81 anchor the RTC and to form a reticulovesicular network of double-membrane vesicles (DVMs) and 82 convoluted membranes where viral RNA replication occurs (6). nsp5 encodes a second viral 83 protease (3C-like protease, 3CLpro) that cleaves both pp1a and pp1ab to the final nsp products. 84 nsps7-11 provide the primer-making activity and regulate the function of the main RNA-dependent 85 RNA polymerase (RdRp), this latter encoded by nsp12. Finally, nsp13-16 comprise RNA-modifying 86 enzymes, including the exoN activity in nsp14 (7, 8) . 87 Viral RNA represents the major pathogen-associated molecular pattern (PAMP) recognized by the 88 host immune system during CoV infection (9). Both MERS-CoV and SARS-CoV elicit limited 89 interferon (IFN) response in most cell types, indicating that these viruses have evolved efficient 90 strategies to evade innate immune sensing and/or to block IFN induction (9). Indeed, these viruses 91 express antagonists of the IFN response including SARS-CoV ORF6, ORF3b, and nucleoprotein, as 92 well as MERS-CoV structural and accessory proteins M, ORF4a, ORF4b, and ORF5 (10-13). 93
Additional immune evasion strategies, though, rely on nsps. In fact, the enzymatic activities of 94 nsp14 and nsp16 endow the viral RNA of a 2′-O-methylated cap structure that mimics cellular 95 mRNAs and avoids activation of the innate immunity receptors RIG-I and MDA5 (9). In analogy to 96 the exoN and endoribonucleases expressed by other viruses such as Lassa Fever Virus and 97 Pestivirus (14, 15), the ribonuclease activities of nsp14 and nsp15 are also thought to play a role in 98 immune escape by digesting RNA PAMPs (9). Moreover, suppression of IFN responses is mediated 99 by the PLpro in nsp3 through its deubiquitinating and deISGylating activities (16, 17), as well as by 100 nsp1. The latter inhibits IFN-dependent signaling by decreasing the phosphorylation levels of 101 STAT1 and suppresses host protein synthesis (18, 19) . Finally, PLpro was shown to physically 102 interact with TRAF3, TBK1, IKKε, STING, and IRF3, which represent key cellular components for 103 IFN response (20) . 104 Therefore, the information encoded by CoV ORF1a and ORF1b is essential for viral replication and 105 for immune evasion. For these reasons, inhibitors that interfere with viral enzymatic activities (e.g. 106 proteases, RdRp) are regarded as promising candidates for therapeutic intervention (21). 107
From an evolutionary standpoint, different observations suggest that nsps may represent targets of 108 natural selection. First, genes encoding molecules that directly interact with the host immune 109 system are thought to be preferential targets of natural selection as a consequence of host-pathogen 110 arms races (22). Second, adaptation to new hosts in other RNA viruses has been associated to 111 selective changes in polymerase genes (23, 24). Finally, the acquisition of a complex replication 112 machinery is evolutionary linked to genome expansion in Nidovirales (5). Nonetheless, 113 evolutionary studies have mainly focused on the analysis of betaCoV spike proteins, as these are 114 surface exposed and represent major determinants of host range and tissue tropism (25). Herein we 115 investigated the evolution of ORF1a and ORF1b in MERS-CoV and in lineage C betaCoVs isolated 116 from bats and hedgehogs. Results indicate widespread positive selection, stronger in ORF1a; within 117 this region, nsp3 represents a preferential selection target and adaptive evolution is ongoing in 118 MERS-CoV strains circulating in the current outbreak. 119
Material and Methods 120 121

Sequences and alignments 122
ORF1a/ORF1b sequences for 7 lineage C betaCoVs and 87 MERS-CoV strains (available as of July 123 2015) were retrieved from the NCBI database; a list of accession numbers for the complete 124 genomes is provided in Table S1 . 125 Alignment errors are common when divergent sequences are analyzed and can affect evolutionary 126 inference. Thus, we used PRANK (26) to generate multiple sequence alignments and GUIDANCE 127 (27) for filtering unreliably aligned codons (i.e. we masked codons with a score <0.90), as 128 suggested (28). 129
The alignments were screened for the presence of recombination events using two methods based 130 on distinct data features: 1) GARD (Genetic Algorithm Recombination Detection) (29) uses 131 phylogenetic incongruence among segments in the alignment to detect the best-fit number and 132 location of recombination breakpoints; the statistical significance of putative breakpoints is then 133 evaluated through Kishino-Hasegawa (HK) tests; 2) GENECONV (30) tests for significant 134 clustering of substitutions along sequences; statistical significance is assessed through permutation 135 with multiple-comparison correction. For both methods recombination breakpoints were considered 136 significant if the p value was < 0.05. No breakpoint was detected in any analysis. 137 138 Detection of positive selection 139 140 Gene trees were generated by maximum-likelihood using the program phyML with a GTR plus 141 gamma-distributed rates model and 4 substitution rate categories(31). 142
Positive selection can be defined when the nonsynonymous/synonymous rate ratio (ω) is higher 143 than 1; to analyze the presence of episodic positive selection in lineage C betaCoVs viruses we 144 applied the branch-site test (32) from the PAML suite (33). The test is based on the comparison 145 between two nested models: a model (MA) that allows positive selection on one or more lineages 146 (called foreground lineages) and a model (MA1) that does not allow such positive selection. Twice 147 the difference of likelihood for the two models (Δln) is then compared to a χ 2 distribution with one 148 degree of freedom (32). A false discovery rate correction was applied to take into account a multiple 149 hypothesis issue generated by analyzing different branches on the same phylogeny (34). When the 150 likelihood ratio test suggested the action of positive selection, the Bayes Empirical Bayes (BEB) 151 analysis was used to evaluate the posterior probability that each codon belongs to the site class of 152 positive selection on the foreground branch. 153 BUSTED (branch-site unrestricted statistical test for episodic diversification) (35) is a recently 154 developed software designed to describe episodic positive selection that is acting on specific 155 branches in the phylogeny at a proportion of sites within the alignment. An alternative model that 156 allows the action on positive selection on foreground branches is compared with a null model that 157 doesn't allow ω >1 . Twice the Δln of the two models is then compared to a χ 2 distribution (degrees 158 of freedom=2); if the null model is rejected, at least one site is under positive selection on the 159 foreground branch(es). To detect selection at individual sites, twice the difference of the likelihood 160 for the alternative and the null model at each site is compared to a χ 2 distribution (degree of 161 freedom=1). BUSTED is implemented in the HYPHY package (36). 162
Conservatively, we considered a site as selected if it showed a p value ≤ 0.05 in BUSTED and a 163 posterior probability ≥ 0.90 in the BEB analysis. 164
The site models implemented in PAML were applied for the analysis of nsp3 sequences from 165 MERS-CoVs isolates. To detect selection, two different pairs of nested site models (M1a/M2a and 166 M7/M8) were fitted to the data (33); the M2a and M8 allow a class of sites to evolve with ω>1, 167
whereas M1a and M7 do not. Positively selected sites were identified using the BEB analysis (from 168 model M8) (37). Sites were validated using MEME (38) (with a cutoff ≤0.1), which allows the 169 distribution of ω to vary from site to site and from branch to branch at a site. 170 MEME (38) analyses were performed through the DataMonkey server (39). 171 172 173
Detection of co-evolving sites 174
To detect co-evolving sites in the ORF1a and ORF1b alignments we applied two different methods: 175 BGM (Bayesian Graphical Model)-Spidermonkey (40) and the Mutual Information Server To Infer 176 Coevolution (MISTIC) (41). Spidermonkey is a tool implemented in the HYPHY package that 177 identifies co-evolving sites from an alignment of coding sequences; a BGM is used to evaluate the 178 connection among codons (represented by the nodes of the network). Significant statistical 179 associations between nodes are indicated by the edges of the network, suggesting functional or 180 structural interactions between codons. 181 MISTIC estimates the relationship between two or more position in an alignment. The co-182 evolutionary association is estimated by Mutual Information (MI), that evaluates how much the 183 information from the aminoacid at the first position can help to predict the aminoacid identity at the 184 second position. 185
For BGM-Spidermonkey sites were filtered based on a minimum count of 4 substitutions across the 186 phylogeny. To be conservative, we considered a pair of residues as co-evolving if they showed a 187 posterior probability >0.75. This threshold corresponds to 0.02% and 1.42% of all analyzed site 188 pairs in ORF1a and ORF1b, respectively. Likewise, for MISTIC site pairs were required to display 189 a MI rank higher that the 99 th percentile calculated using all MI scores from the alignment. Pairs of 190 sites exceeding the thresholds for both methods were declared to be co-evolving. investigate the evolutionary history of ORF1a, we obtained sequence information for these viruses 210 and for 6 MERS-CoV strains isolated from either humans or camels and belonging to the major 211 groups described to date (47) (Fig. 1 ). The sequence alignment was pruned of unreliably aligned 212 codons (see Material and Methods), a procedure that resulted in the masking of the almost entire 213 acidic domain in nsp3. Indeed, this region was previously shown to be highly divergent among 214 CoVs (48). We next analyzed the alignment for the presence of recombination breakpoints using 215 GARD (Genetic Algorithm Recombination Detection) (29) and GENECONV (30). No evidence of 216 recombination was detected. 217
The pylogenetic tree of ORF1a obtained with phyML was consistent with previously reported ones 218 (46, 47). An estimate of the extent of functional constraint along ORF1a was obtained by 219 identification of negatively selected sites (total number =903) and calculation of their distribution 220 among nsps. This analysis indicated that the average fraction of negatively selected sites is ~0.24, 221 with weakest selection in nsp1 and strongest constraint in nsps6-9 ( Fig. 1 ). 222
Evidence of episodic positive selection along the internal branches of the ORF1a phylogeny was 223 searched for using branch-site tests. Specifically, we applied two different methods: the branch-site 224 unrestricted statistical test for episodic diversification (BUSTED) (35) and the maximum-likelihood 225 models (MA/MA1) implemented in the PAML suite (33). These two approaches rely on different 226 assumptions of ω (nonsynonymous/synonymous rate ratio) variation among branches. To be 227 conservative, episodic positive selection at each tested branch was declared only if statistically 228 significant support was obtained with both methods. Using this criterion, we found 4 branches with 229 evidence of episodic selection ( Fig. 1 , Table 1 ). Selected sites along these branches were identified 230 using the Bayes empirical Bayes (BEB) procedure from model MA and with BUSTED; again, only 231 sites detected by both methods were considered. A total of 55 selected sites were detected; these 232 were scattered along the entire ORF1a and located in different nsps, with the exclusion of nsp7 and 233 nsp9, which were not targeted by selection ( Fig. 1 , Table S2 ). To determine whether any nsp 234 represented a preferential target of episodic positive selection, we performed random uniform 235 sampling (i.e. assuming a random distribution of selected sites, we calculated the likelihood of 236 identifying a number of sites equal to or higher than the one we observed for each nsp). This 237 analysis indicated that nsp3 was preferentially targeted by episodic selection (Bonferroni corrected 238 p value= 0.010) during the evolution of MERS-related CoVs. 239
Finally, we searched for evidence of co-evolution between sites in the ORF1a alignment. To this 240 aim, we applied BGM-Spidermonkey (40) and MISTIC (41) (see Material and Methods for details). 241
Six pairs of co-evolving sites were detected by both methods. Most site pairs were located in nsp3 242 ( Fig. 1 , Table S3 ). 243 244 Weaker selective pressure for ORF1b 245 246
The same approach described above was applied to ORF1b sequences. The degree of constraint in 247 nsp12-16 was comparable to that observed for ORF1a ( Fig. 1A) . Statistical support of episodic 248 positive selection was detected for 2 branches only ( Fig. 1B , Table 1 ) and fewer selected sites were 249 detected compared to ORF1a. Most sites were targeted by selection on the branch leading to bat 250 CoVs (HKU5, BtCoV/133, HKU4) ( Fig. 1 , Table S2 ). No nsp resulted a preferential selection 251 target. One pair of co-evolving sites was detected by MISTIC and BGM-Spidermonkey ( Fig. 1A , 252 Table S3 ). 253
254
Ongoing selection at nps3 in MERS-CoV 255 256 Given the results above, we investigated whether positive selection also occurred at nsp3 during the 257 recent evolution of MERS-CoV. To this purpose, we retrieved 87 sequences from MERS-CoVs 258 isolated from camels or humans (available strains as of July 2015) (Table S1 ). No recombination 259 breakpoint was detected by either GARD or GENECONV and the codeml site models were applied 260 (33). Results showed that models of gene evolution that allow a class of codons to evolve with ω >1 261 (NSsite models M2a and M8) better fit the data than the neutral models (NSsite models M1a and 262 M7), strongly supporting the action of positive selection (Table 2) . Positively selected sites in nsp3 263 were identified using two methods, the BEB procedure implemented in M8 and MEME (Mixed 264 Effects Model of Evolution). Two sites (G720 and R911) were detected by both methods (Table 2, Most positively selected sites were located in nsp3 (Fig. 3A ). In the PLpro domain, four of the 277 positively selected sites, including two that are selected in the viral stains from the current MERS-278
CoV epidemic, were clustered in a spatially confined region opposed to the catalytic crevice. This 279 region corresponds to the "palm" of the right-handed architecture of the protease, whereas three 280 additional sites are located on the "fingers" (Fig. 3A ). One of these three surface exposed sites, 281 Q830, is part of a non-canonical nsp5 cleavage site, unique for MERS-CoV, that could contribute to 282 the formation of new cleavage products (49) (Fig. 3A) . 283
Additional sites were identified in the other domains of the protein (Fig. 3A) . One positively 284 selected site in the Ubl1 domain (C91) precedes a conserved acidic loop that when mutated in 285 SARS-CoV determines a lethal phenotype (50) . Among sites in the ADPR domain, none was 286 located within the ADP-ribose binding pocket ( Fig. 3A ) (51). As for the nucleic-acid binding 287 domain (NAB) (Fig. 3A) , one of the positively selected site (T1080) is part of the α 2 helix, that 288 together with the loop preceding the β 6 strand, forms a structure possibly interacting with ssRNA 289 via a charged patch (52). 290
Finally, positively selected sites were found in the so-called transmembrane region of nsp3 (Fig. 3) . 291
We performed an in silico prediction of transmembrane helices and glycosylation sites. As 292 previously observed for MHV and SARS-CoV (53), the topology model did not fit the general 293 Nendo/Cendo shared structure and was inconsistent with the location of the glycosylation site. 294
Thus, in analogy to other CoVs, some hydrophobic regions predicted to be transmembrane are 295 unlikely to span the lipid bilayer. Intriguingly, we identified two positively selected sites in the 296 lumenal loop; one of them (A1386) is located between the first two conserved cysteine residues 297 ( Fig. 3B ) of the zinc finger motif (ZF). Other positively selected sites were found in the third 298 hydrophobic region (that may or may not span the membrane). 299
In nsp4, four transmembrane regions were predicted (in SARS-CoV and MHV all of these are 300 membrane-spanning) (54) (Fig. 3C) . One of the positively selected sites is located on the large 301 lumenal loop 1 (Fig. 3C ) and does not affect (or introduces) a predicted glycosylation site. Variants 302 in the same loop of MHV nps4 were shown to alter DVM morphology or number, irrespective of 303 their effect on glycosylation (55). Two additional positively selected sites (G453 and A479) are 304 located in the C-terminal domain of the protein (Fig. 3C ). This domain is cytosolic and interacts 305 with viral and host proteins (56). 306
We also detected 4 positively selected sites in the other viral protease, 3CLpro (nsp5) (Fig. 4) . 307
Interestingly, two of them (H8 and V132) were proposed to affect the correct domain orientation 308 required for dimerization of MERS-CoV nsp5 (57) . Moreover, site-directed mutagenesis of 3CLpro 309 from MHV indicated that the two corresponding sites affect protease activity in a temperature-310 dependent fashion (58, 59) ( Fig. 4) . 311
Concerning selected sites in nsp10 and ORF1b, interesting findings relate to the nps10-nsp14 and 312 nsp10-nsp16 interactions. Based on the crystal structure of the corresponding SARS-CoV protein 313 complexes, one of the positively selected sites in nsp16 (K249) is located at the direct interaction 314 surface with nsp10 ( Fig. 5A) . Also, the only positively selected site we detected in nsp10 (S61) is 315 involved in the interaction with both nsp16 (60) and nsp14 (61) (Fig. 5 ). In fact, mutation of residue 316 61 in SARS-CoV nsp10 (A61V mutant) strongly reduces interaction with nsp14. In MHV and 317 SARS-CoV, S61 is located on an exposed loop that also includes Q65 (Fig. 5) ; mutation of Q65 318 results in a temperature sensitive (ts) phenotype in MHV and, through a poorly understood 319 mechanism, disrupts nsp5 function (62). This observation suggests that this loop may be involved in 320 interaction with other nsps, or that aminoacid changes in this loop can modify nsp10 conformation 321 (62). 322
Additional selected sites in nps14 and 16 do not involve the contact interface with nsp10. In nsp14, 323
T228 is located within one of the zinc fingers of the protein (Fig. 5) ; these domains are essential for 324 the ExoN proofreading activity of nsp14 (63). Another selected residue (S284) flanks a position 325 (F286 in SARS, highly conserved in coronaviruses) that is involved in the hydrophobic interaction 326 between the ExoN and N7-methyltransferase domain (63). 327
As for nsp16, the T151 selected site is in close proximity to a residue (L153) (Fig. 5 ) that originates 328 a ts phenotype in MHV; specifically, the mutation has an effect on RNA synthesis (64). Finally, the 329 positively selected site 138 (Asn in MERS-CoV) is located on a solvent-exposed flexible loop (not 330 present in the structure) on the RNA binding groove; this loop may be involved in interaction with 331 RNA (65). Since the identification of MERS-CoV, a number of related viruses were isolated from bats (and 340 other mammals) all over the world, suggesting a wide distribution of betaCoVs. Unfortunately, most 341 of these studies reported partial viral sequences, hampering a fully resolved phylogenetic analysis 342 (67-69). Herein we only included viral species/strains with complete information for ORF1a and 343
ORF1b, and the sequences we analyzed are relatively divergent. This may introduce a high false 344 positive rate in the inference of positive selection due to two major issues: the unreliability of 345 sequence alignments and the saturation of substitution rates. To circumvent these possible problems 346 we adopted a stringent alignment filtering criterion and we computed substitution rates over 347 phylogenies. This latter procedure allows breaking of long branches, resulting in improved rate 348 estimation. In fact, branch-site tests are relatively insensitive to the saturation issue (70). Moreover, 349
we supported all claims of positive selection by the combined use of two methods. Although this 350 may have resulted in a loss of power (that is intrinsically low for branch site tests (32)), we were 351 able to detect several positively selected sites along different branches of the phylogenies. In both 352
ORF1a and ORF1b episodic selection was particularly strong on the branch leading to bat CoVs 353 (HKU4, HKU5, and BtCoV133), possibly reflecting specific characteristics of these host species 354 (large population sizes, high seroprevalence, and wide geographic distributions). 355
Recently, a study of the spike (S) protein in MERS-CoV-related viruses analyzed a very similar set 356 of viral sequences as the ones herein and detected positive selection at 9 sites (25). The proportion 357 of selected sites we identified in the ORF1a region is much higher than that for the S gene. Albeit 358 counter-intuitive, as the S protein is exposed on the viral surface and functions as a central 359 determinant of host range and of antibody response, this observation indicates that ORF1a 360 represented a major target of positive selection during the evolution of lineage C betaCoVs. 361 Therefore, adaptive evolution in this region might contribute to host shifts or immune evasion. In 362 line with these results, studies on avian influenza A viruses showed that viral surface proteins are 363 not the sole determinants of host range. Conversely, adaptation of avian influenza to mammalian 364 hosts was found to be critically dependent on changes in the polymerase genes (23, 24). Recently, 365 an extended analysis indicated that the adaptation of avian influenza virus to swine was 366 accompanied by substitutions in almost all viral genes. Mutation accrual continued for a long time 367 after the host shift, suggesting that multiple mutations progressively optimize viral fitness in the 368 new host (71); many of these mutations were suggested to represent compensatory or epistatic 369 changes (71). Interestingly, we also found evidence of co-evolution between site pairs, possibly 370 suggesting epistatic interactions. The vast majority of co-evolving sites were located in nsp3, in line 371 with the view that epistatically interacting substitutions are enriched in protein regions undergoing 372 adaptive evolution (72). Epistasis is very common in viruses and is thought to play an important 373 role in the evolution of immune evasion, host shifts, and drug resistance (73, 74); this latter is likely 374 not at play in the case of MERS-CoV and related viruses. Previous studies on RNA viruses have 375 mainly focused on the effect of epistatic interaction on the emergence of drug resistance (e.g. 376 influenza virus hemagglutinin and neuraminidase, HCV NS3 protease, HIV-1 protease and reverse 377 transcriptase) or antibody escape (influenza virus hemagglutinin and neuraminidase) (75-78). Little 378 information is available on the possible role of co-evoloving sites in the context of innate immunity 379 or adaptation to new hosts. Nonetheless, epistatic interaction between two sites in the Chikungunya 380 virus E1 envelope glycoprotein underlies the ability of the pathogen to infect a new mosquito vector 381 (79). These observations suggest that intra-and inter-gene epistasis contributes to determine the 382 evolutionary trajectories of viral species whenever the environment (broadly defined, including the 383 host species) changes (74). The co-evolving sites we identified are located in distinct domains of 384 nsp3 and the pair in nsp12 and nsp14 does not involve residues at the interaction surface between 385 the two proteins. Thus, we are presently unable to infer the molecular mechanism underlying their 386 interaction. The generation of mutant viruses or recombinant viral proteins carrying different amino 387 acids at co-evolving site pairs will be necessary to address the nature of their interaction and the 388 effect on the viral phenotype. We note, however, that long-range interaction are likely to be 389 It is noteworthy that we found nsp3 to represent a preferential target of positive selection and that 417 the adaptive process is ongoing in circulating MERS-CoV strains. A previous genome-wide study of 418 positive selection in MERS-CoV detected only one positively selected site in the S gene (2); 419 however, fewer strains than those we analyzed herein were available at the time of the study and the 420 authors did not include sequences obtained from camels (2). The two selected sites we identified are 421 located in the PLpro domain of nsp3 and, together with two sites selected in bats, map to the "palm" 422 portion of the right-handed structure of the protease. The palm also accommodates the catalytic 423 triad, but the selected sites are located at the opposite side of the crevice, suggesting that they may 424 exert an effect by altering the conformational structure of the protease or via interaction with other 425 viral components or host proteins. In addition to its role in viral replication PLpro functions as a 426 multitasking inhibitor of IFN responses and physically associates with several host innate immunity 427 molecules (20). Because antagonism of the host immune system is considered a major driver of 428 evolutionary change in viruses (81), the G720K variant is an excellent candidate as a modulator of 429 host responses. However, variability at position 720 is also observed among viruses isolated from 430 camels, suggesting that the selective event ensued in these animals or in a previous host and does 431 not represent a specific adaptation to humans. A similar observation was previously reported for the 432 positively selected site in the S protein (25). Conversely, variation at the second selected site (R911) 433
in PLpro was only observed for viruses isolated from human patients. Although this finding may 434 simply reflect the sparse sampling of camel-derived viruses, adaptation of a zoonotic virus to a new 435 host is expected to result in selective events that optimize viral fitness in terms of replication 436 efficiency, transmissibility, and immune evasion (73). 437
In general, deeper understanding of the adaptive events that underlie host shifts in CoVs and other 438 viruses will be pivotal to predict and prevent future zoonoses. Bats alone host a variety of CoVs that 14.15 0.00085 1.6 (11.59) a M1a is a nearly neutral model that assumes one ω class between 0 and 1, and one class with ω=1; M2a (positive selection model) is the same as M1a plus an extra class of ω >1. b M7 is a null model that assumes that 0<ω<1 is beta distributed among sites; M8 (positive selection model) is the same as M7 but also includes an extra category of sites with ω>1. c 2ΔlnL: twice the difference of the natural logs of the maximum likelihood of the models being compared.
